This paper investigates the β-phase coarsening behaviour during isothermal heat treatment of free-standing CoNiCrAlY (Co-31.7%Ni-20.8%Cr-8.1%Al-0.5%Y, all in wt%) coatings prepared by high velocity oxy-fuel (HVOF) thermal spraying. The microstructure of the coatings was characterised using scanning electron microscopy with energy dispersive X-ray (EDX) analysis and electron backscatter diffraction (EBSD). It comprises a two phase structure of fcc γ-Ni matrix and bcc β-NiAl precipitates. The volume fraction of the γ-Ni and the β-NiAl phases were measured to be around 70% and 30% respectively, with grain sizes varying largely from 0.5 to 2 µm for both phases. Isothermal heat treatments of the freestanding coatings were carried out at 1100 C for times up to 250 h. The β-phase coarsening behaviour during isothermal heat treatments was analysed by quantitative metallography. It is shown that the coarsening behaviour of β phase in the CoNiCrAlY alloy followed the classical Lifshitz-Slyozov-Wagner (LSW) theory of Ostwald ripening. By incorporating a dimensionless factor which correlates with volume fraction of the β phase, a modified LSW model coupled with formulaic interfacial energy and effective diffusion coefficient of the 2 CoNiCrAlY alloy was utilised to interpret the coarsening behaviour of the β phase. The coarsening rate coefficient obtained from the modified LSW model shows good agreement with the corresponding experimental result.
Introduction
MCrAlY (M = Co, Ni or a combination of the two) are widely used as overlay coatings and as bond coats in thermal barrier coating (TBC) systems to protect high temperature components in turbine engines from harsh operating environments [1] [2] [3] [4] [5] [6] [7] [8] . Depending on the composition, MCrAlY alloys are typically complex multi-phase materials and can comprise, for example, fcc γ-Ni and bcc β-NiAl [9] [10] [11] [12] [13] [14] . The mechanical properties of the MCrAlY coatings largely depend on the volume fraction and morphology of the β-phase precipitates [15] [16] [17] . During service, the coating oxidises and forms an outer layer of thermally grown oxides (TGO) [18] [19] [20] . MCrAlY coatings exhibit their protective effect at elevated temperatures owing to the fact that aluminium from the Al-rich β-phase promotes a continuous oxide layer, predominantly alumina, to form at the coating surface [21] [22] [23] [24] [25] [26] . Since MCrAlY coatings are exposed at high temperature for comparatively long period of time, the depletion and coarsening of the β phase could occur. Such changes may result in substantial losses in the mechanical properties during service, leading to the catastrophic failure of the coating [27] .
The oxidation and β-phase depletion have been extensively studied by others, e.g. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . In these research works, the emphasis has been on oxide growth, phase transformation and element diffusion, but specific concerns on the β-phase coarsening behaviour in the MCrAlY coating have not been addressed. With sufficient thermal energy, β precipitates undergo coarsening, also termed Ostwald ripening, during which smaller particles dissolve and large particles grow [39] . The β-phase coarsening phenomenon has been observed in a few studies, but none of them investigated the coarsening characteristics [40] [41] [42] . Due to the importance of the particle sizes of β phases for the mechanical properties of MCrAlYs, an understanding of the coarsening process of β precipitates is essential for the design and application of MCrAlY coatings. The less computationally expensive method for predicting the β-phase growth, in its simplified form, is the mean field theory [43] . Lifshitz and Slyozov [44] and Wagner [45] (LSW) derived the first analytical description of particle coarsening in binary alloy systems, in which the predicted coarsening rate of the mean particle size is reported to be proportional to time 1/3 . In recent decades, the theory proposed by LSW has been extended to multicomponent alloys such as Ni superalloys [46] [47] [48] [49] [50] [51] [52] , Ti alloys [53] [54] [55] and other types of alloys [56] [57] [58] . However, application of LSW theory to MCrAlY alloys does not appear to have been previously reported.
Considering the significance of β-phase coarsening on the degradation of MCrAlY coatings, therefore, the aims of the work reported in this paper are to investigate specifically the kinetics of β-phase coarsening in free-standing CoNiCrAlY coatings during isothermal heat treatment and to develop a theoretical evaluation of the β-phase coarsening behaviour. A modified Ostward ripening model which accounts the interfacial energy, effective diffusion coefficient and the volume fraction of β phase was employed to calculate the coarsening rate coefficient at 1100 C with the aid of thermodynamics software Thermo-Calc using the TTNi7 thermodynamic database. In addition to calculated results, the coarsening behaviour was quantified through particle size measurements by image analysis. The work reported here is the first attempt on the β-phase coarsening behaviour in MCrAlY coatings.
Materials and experimental procedure

Materials preparation and isothermal heat treatment
The coatings used for isothermal heat treatments were prepared by high velocity oxy-fuel (HVOF) thermal spraying using powder with a nominal composition of Co-31.7%Ni-20.8%Cr-8.1Al%-0.5%Y (all in wt%). The powder was obtained from Praxair (commercially available as CO-210-24) and had a size range -45+20 m with a chemically analysed oxygen content of 0.037 wt% O. The coatings were deposited onto 800-grit ground mild steel substrates with dimensions 60  25  1.8 mm 3 using a Met Jet III liquid fuel HVOF gun. The details of the spraying process are given in reference [59] . Coatings were sprayed to a thickness of approximately 0.5 mm and were then debonded from the ground substrate by bending around a mandrel. An initial vacuum heat treatment was given to the debonded coatings prior to isothermal heat treatment. Debonded coatings were heat treated in a vacuum with a nominal pressure of 6.0  10 -3 mbar at 1100 C for 2 h followed by air cooling to replicate the initial heat treatment given to the bond coat material in conventional TBC manufacture. Previous work has demonstrated that the initial heat treatment has the effect of reducing any coating porosity to a minimal level and allows the β phase to precipitate [42] .
For isothermal heat treatments, heat treated samples were exposed in the vacuum at 1100 C for 50 h, 75 h, 100 h and 250 h followed by natural air cooling. EBSD maps were collected at a step size of 0.1 m for areas of 50 m  50 m. The EBSD data acquisition and processing were performed using the EDAX OIM5 software suite.
Material characterisation
Results and discussion
Microstructural analysis
The microstructure of the vacuum heat treated CoNiCrAlY coating prior to isothermal heat treatment is shown in Fig. 1 . It is evident from Fig. 1 (a) that there is very little porosity apparent in the coating. Micron sized, dark contrast particles are also visible in Fig. 1(a) .
These tend to occur around the powder particle boundaries as either discrete particles or thin stringers. EDX analysis showed them to be rich in oxygen and aluminium and they are which agrees well with previously reported work [15] .
The volume fraction of the uniformly distributed β-phase was found to be 30% ± 2% as measured by image analysis. A plot of phase mass fraction versus temperature obtained from Thermo-Calc is presented in Fig. 2 using the TTNi7 thermodynamic database. The alloy composition used is the initial powder composition (Co-31.7%Ni-20.8%Cr-8.1Al%-0.5%Y, all in wt%) and the phases considered in the Thermo-Calc calculation are liquid, fcc-γ, γʹ, σ and β-NiAl. Due to the small amount of yttrium in the powder (0.5 wt%) and its unavailability in the TTNi7 database, yttrium is thus neglected in the phase fraction calculations. Previous work [42] has shown that the measured phase compositions exhibit good agreements with the calculated phase compositions from the TTNi7 database and the interdiffusion modelling work between a Co-based MCrAlY coating and a Ni-based superalloy reported by Dahl et al.
[61] has further demonstrated the suitability of this database for the CoNiCrAlY alloy used in this study. It can be seen that the expected constitution at 1100 ºC is γ+β. Since the volume data of the β-NiAl phase is not available in the TTNi7 database, the mass fractions of the γ and  phase, and , obtained from Thermo-Calc are converted to volume fractions, and , using the following equations,
where ρ γ and ρ β are the approximated high temperature density of the γ and  phase, taken as 7.83×10 3 kg/m 3 and 6.81×10 3 kg/m 3 respectively [16] . The densities, obtained by considering the atomic fraction of the elements in each phase at 1100 C and the lattice parameter of each phase, are in good agreement with reported values in the literature [62] . The converted volume fractions agree well with experimentally measured volume fractions as summarised in Table 1 , assuming phase equilibrium at 1100 ºC. Fig. 3 shows EBSD-derived inverse pole figure and phase distribution maps for vacuum heat treated coating prior to isothermal heat treatment. These figures reveal that the γ grains are generally twinned and the β grains are monocrystalline grains in the coating. No evidence for preferred orientation was found in either  or β phases. It can be seen that coarse grain regions within the particles and fine grain regions around the particle boundaries. This can be attributed to high cooling rate occurred at the particle boundaries when molten particles collide with the splats. The high impact force generated from high velocity collision can mechanically deform the splats and recrystallization occurred around the particle boundaries, causing the fine grains to form. The coarse grains were retained as the initial powder structure. Grain size ranges from 1~2 µm in the coarse grain regions and about ~500 nm or even less in the fine grain regions. Fig. 4 illustrates the microstructure evolution of the coating after isothermal heat treatments for different time intervals at 1100 C. It can be seen that the coarsening of the β-phase occurs and the number of β-phase particles decreases from Fig. 4(a) -(d) , compared to Fig. 1(b) . No significant change in the volume fraction of the β phase is found after the isothermal heat treatments. The β-phase particles are nearly cuboidal in morphology and some of them have serrated surfaces. These protrusions may be due to the instabilities on interfaces during growth. Since the growth of such protrusions would significantly increase the interfacial energy, it is likely that these are driven by the coalescence of β-phase particles. Indeed Fig. 4 shows the evidence of coalescence of small β-phase particles.
β-phase coarsening kinetics
The classical LSW coarsening theory of Ostwald ripening on the β-phase can be described as [44, 45] :
where and 0 are the average particle size of β phase at time t and t = 0 respectively, and k is the coarsening rate coefficient, can be given by Eq. (4) as the first approximation [39, 52] :
where eff is the effective diffusion coefficient, is the interfacial energy per unit area, N γ is the total equilibrium mole fraction of alloying elements in the γ matrix, V m is the molar volume of the β phase, R is the gas constant and T is the absolute coarsening temperature. Eq.
(4) only accounts the alloying elements in the matrix but does not consider the significant ranges of solubility of the alloying elements in the precipitate phase. Thus, for the case of γ+β structure in this CoNiCrAlY coating, Eq (4) becomes [52, 63] ,
where N β is the total equilibrium mole fraction of alloying elements in the β phase.
Furthermore, the classical LSW theory was originally derived from the dilute binary alloy systems, assuming the volume fraction of secondary phases were infinitely small, which is not very suitable for the case of this CoNiCrAlY alloy due to the volume fraction of the secondary β phase is around 30%. It has been reported by Wang et al. that the volume fractions of the secondary phases will significant affect the coarsening rate coefficients [51] .
Therefore, in order to account the effects of β-phase volume fraction on the coarsening kinetics, a dimensionless factor as a function of β-phase volume fraction ( ) is introduced by combining the models reviewed by Baldan [39] and the most recent effort by Ai et al. [50] for cubic/nearly cubic morphology of secondary phase. 
By now, Eq. (5) can be rewritten as Eq. (7) to represent the coarsening kinetics of the β phase in this CoNiCrAlY coating.
Taken the volume fraction of the β phase, , as 30%, A( ) is calculated as 9.76. For the compositional term, (1 − )/ ( − ) 2 , it can be determined from the elemental composition in each phase. Table 2 summarises the composition for γ and β phase calculated from the Thermo-Calc using TTNi7 database, which was proved to be consistent with the experimental phase composition in previous work [42] . Since Al is the main alloy element in the β phase and Co is the base element in the γ matrix, the compositional term then equals to 3.
The molar volume, , of the β phase can be calculated from Eq. (8) [64]
where is the lattice parameter of β phase, taken as 0.286 nm [16] , 3 represents the volume of the cubic unit cell, is the number of atoms in the unit cell, taken as 2 for the bcc structure and 0 is the Avogadro number (6.02×10 23 mol -1 ). The molar volume of the β phase is found to be 7.04×10 -6 m 3 /mol, which agrees well with the range 7.0×10 -6 ~ 7.8×10 -6 m 3 /mol for β-NiAl alloy proposed by Paul et al. [64] .
Since Al is the dominant solute during the β-phase coarsening, the diffusion coefficient of Al is thus used to represent the effective diffusion coefficient, D eff , when calculating the coarsening rate coefficient. Considering the limited diffusion data available in the β phase, the Al diffusion coefficient in the fcc-γ matrix is employed here as the first attempt, which obeys the Arrhenius relationship as follows,
where D 0 and Q are the frequency factor and activation energy respectively. Taken the diffusion data from Karunaratne et al. [31] , D eff is found to be 1.19×10 -14 m 2 /s. The magnitude falls into the right range of the previously reported work [29, 42] . It has to be emphasised that the D eff used here may not be the exact effective diffusion coefficient in this
CoNiCrAlY alloy, but only as the first approximation.
Interfacial energy
In addition to D eff , one of the main parameters in Eq. (7) is the interfacial energy, σ, which is usually obtained by back-calculation from the experimental coarsening data [54] . But σ can also be mathematically achieved by considering it as a function of a chemical component in the alloy system [52] . In its basic form, the interfacial energy is directly proportional to the enthalpy of the alloy, which can be expressed as [65] ,
where z* and z are the number of atoms per unit area of the interface and the coordination number of nearest neighbours in the lattice respectively. It has been found by Sonderegger et al. that z*/z = 0.329 in fcc and bcc structures based on the nearest-neighbour broken-bond analysis [65] . N* is the number of cross bonds per atom at the interface and can be determined using the relation of * = 4 2/3 / 2 (11) where is the effective lattice constant, taken as = ( + )/2. The lattice parameters of γ phase ( ) and β phase ( ) are found to be 0.356 nm and 0.286 nm respectively from X-ray diffraction analysis [16] . ∆ is the enthalpy of solution of 1 mole of β phase in the γ matrix in equilibrium at the coarsening temperature. The enthalpy can be obtained from Thermo-Calc using the TTNi7 thermodynamic database and the interfacial energy can then be mathematically determined, as shown in Fig. 5(a) and (b) respectively. The large interfacial energy in this γ/β structure can be attributed to several factors. The well-ordered B2 bcc-β phase [62] has a different crystal structure compared to the fcc-γ matrix, which is likely to produce an incoherent interface. The different compositions in γ and β phase shown in Table   2 further support that the γ/β interfaces are incoherent. The large size and serrated surfaces of the β-phase particles, seen in Fig. 4 , can also increase the interfacial energy of the incoherent interface. The net effect of the above could be the large interfacial energy of this CoNiCrAlY alloy as it is indeed shown in Fig. 5(b) .
In order to show the reliability of this methodology in calculating the interfacial energy, a comparison was conducted between the reported values and calculated result by Eq. (10) for σ.
Due to the limited data available for MCrAlY alloys, direct comparison was not possible.
However, it was reported that the interfacial energies for Fe-Ni-Al and Fe-Ni-Al-Mo with bcc-NiAl as precipitate are 20-40 mJ/m 2 at 700 C [66, 67] . These two alloys have the bcc ferritic phase, thus a high coherency is possible. But the γ/β interface is incoherent in this CoNiCrAlY alloy and the interfacial energy is partially dependent on the temperature, thus the interfacial energy is expected to be larger in this study at 1100 C. Reference values for Ni superalloys with γ/γʹ structure and Ti alloys with α/β structure were also considered. It is generally found that the interfacial energies for Ni superalloys are 50-140 mJ/m 2 , varying with composition and temperature [52, 65] . The γ/γʹ morphology in Ni superalloys is quite different from the γ/β morphology in the CoNiCrAlY coating used here, and the stabilising minor elements added in Ni superalloys, such as Mo, Re, Ta, and W, can also reduce the γ/γʹ interfacial energy. But the protrusions of β-phase shown in Fig. 4 indicate that the alloy exhibits high interfacial energies. Similar findings were reported by Xu et al. [54] in a α/β Ti alloys, where overall morphology of the secondary phase is close to the β phase reported in this work. It is suggested that interfacial energy for such α/β structure lies in the range of 200-400 mJ/m 2 in their study, which is consistent with the interfacial energy shown in Fig. 5 . The irregular shapes of the β phase shown in Fig. 4 further support the high interfacial energy in this CoNiCrAlY coating.
Coarsening rate coefficient
All the parameters determined for Eq. (7) are summarised in Table 3 and the comparison of the β-phase coarsening behaviour of Eq. (3) is presented in Fig. 6 . The coarsening rate coefficient obtained from experimental measurements is 6.49×10 -5 µm 3 /s when 0 = 1.5 µm, which exhibits good agreement with the value calculated in Table 3 . Due to the difficulties in identifying individual particles in image processing and the coalescence of small β-phase particles, the accurate quantitative measurement of β-phase particle size from micrographs is challenging and prone to much error. It is assumed that the β-phase particles remain cuboidal during growth/dissolution/coalescence in this work. Measurements of the β-phase areas were performed from SEM micrographs and an equivalent particle size was calculated by equating the measured particle area to that of a square of equivalent area. Fig. 4 shows the various sizes and morphologies of the β phase, this could produce large discrepancies in measurements.
The β-phase coalescence can significantly increase the particle size, thus large error was resulted. Since the particle coalescence was not accounted in the modified LSW theory, the calculated coarsening rate coefficient could be smaller than experimentally determined value.
The implication and mechanism of particle coalescence is to be discussed in a separate paper.
Nevertheless, the coarsening rate coefficients obtained in Fig. 6 lie in the similar range of the work reported by Li et al. for the Alloy Nimonic 115 at 1100 C [52] . It is also worth noting that discrete oxide particles and thin oxide stringers have formed during HVOF spraying, these micro-sized, non-diffusional oxides can act as diffusion barriers which could tie up the β phase particles and allow large particles to form [68] . As a consequence, larger coarsening rate coefficient was obtained from experimental measurements.
Conclusions
 Microstructural characterisation reveals a two phase structure in the HVOF sprayed
CoNiCrAlY coating, with a twinned  grain structure and a monocrystalline structure of  phase at grain sizes varying largely from 2 µm to ~0.5 µm or even less. The  phase exhibits cuboidal morphology and protrusions of the -phase particles are found to exist due to the high interfacial energy (262.64 mJ/m 2 ) of the  phase.
 It is found that β-phase particle sizes in this CoNiCrAlY coating increase with heat treatment time. /s) at 1100 C. Discrepancies may be attributed to the inaccuracy in mathematical calculations, instability in measuring the β-phase particle size, the coalescence of small β phases and the oxides embedded in the coating during HVOF spraying. Table 3 Calculated dimensionless volume fraction factor ( ) , the compositional term 
